Abstract -We demonstrate SNR improvement of OTDR using simplex codes by experiment, for the first time. For this, we proposed a practical algorithm and derived detailed equations. An in-house OTDR board was developed to verify the proposed algorithm, and the experimental results showed excellent agreement with theory. In addition, we analyzed the SNR variation of the simplex code OTDR, caused by bandlimited receiver characteristics.
I. INTRODUCTION
The optical time domain reflectometry (OTDR) characterizes optical fibers, by injecting an optical probe pulse into the fiber under test and detecting the backscattered optical signals including Fresnel reflections and Rayleigh backscattering. Increasing pulsewidth of the probe pulse improves the signal to noise ratio (SNR) of the detected signal and accordingly the dynamic range of the OTDR, but degrades the spatial resolution indicating the instrument's ability to resolve two adjacent faults.
In order to overcome this trade-off between the SNR and the resolution, correlation techniques used in wireless radars have been applied to OTDR systems [1] , [2] . The correlation techniques have been believed to provide an improved dynamic range without sacrificing the resolution. Periodic pseudorandom codes, however, turned out to be unsuitable for practical systems since they yield a serious dynamic range problem [3] .
For a long range application, the complementary correlation OTDR (CC-OTDR) based on the complementary pairs of Golay codes was proposed and experimentally demonstrated [2] . To the best of our knowledge, this is the only existing work which has demonstrated experimental SNR improvement using the correlation technique in a non-coherent OTDR system. Then, a method using simplex codes was theoretically suggested, which said that the SNR improvement using simplex codes is superior to that obtained using the Golay codes [4] . The main idea of this work was that the SNR of an OTDR can be improved by simultaneous measurements of several distances of the fiber under test, employing simplex codes which has been used to improve the SNR of optical spectrometries [5] , [6] . But the idea of this work has not been verified, numerically or experimentally.
In this letter, we propose a practical algorithm and detailed equations to realize the simplex code OTDR. Also we experimentally demonstrate the SNR improvement of OTDR using the simplex codes, by developing an OTDR board which can modulate the probe pulses according to the code sequences. The realized one-way dynamic range improvement over conventional OTDR is shown to be about 4.5dB, in correspondence with the SNR enhancement formula which was derived in the spectrometry area [6] .
II. ALGORITHM TO REALIZE SIMPLEX CODE OTDR
The method of measuring optical signals using S-matrix has been widely used in the optical spectrometries for a long time [5] , [6] . The S-matrix is a unipolar matrix composed of 1's and 0's, and the rows of this matrix are called simplex codes. It can be derived from a normalized Hadamard matrix which is a bipolar matrix composed of 1's and -1's [6] . It has been generally used to detect optical power signals due to its unipolar characteristics, although it provides lower efficiency than the Hadamard matrix. The operation using Hadamard-or S-matrix has been called Hadamard transform, and the fast calculation algorithm, so called Fast Hadamard Transform (FHT), has been developed for the fast operation in a practical system [7] . The Hadamard transform technique has been applied to the spectrometries by using a mask which consists of holes and blocks spatially [5] . It can be applied to an OTDR system by turning the laser on and off in the time domain, corresponding to 1's and 0's of the S-matrix. Fig. 1 can be measured by launching simplex code sequences into the fiber, as described in Fig. 1(b These equations can be represented by Hadamard transform using the S-matrix:
From Fig. 1(b) and eq. (4), it can be seen that the code length is equal to the order of S-matrix. In order to recover the ultimate OTDR trace ) ( 1 t ψ , the measured 3 traces are processed by using inverse Hadamard transform as shown in eq. (5), where
From averaging these estimates after time-shifting them by multiples of τ , we can finally obtain the restored trace using the time relationships in eq. (1) additionally. Therefore, the mean square error (MSE) in the finally restored trace becomes under the assumption that the noise ) (t e i 's are uncorrelated, zero-mean random processes with variance 2 σ . Since the restored trace in eq. (6) was obtained from 3 traces measured by 3 probe shots, we should calculate the SNR enhancement over conventional OTDR, namely coding gain, by comparing with a result obtained from N=3 conventional averaging. The MSE of N=3 averaging is 3 2 σ , so the coding gain at the code length 3 is given by , 6 Fig. 1 . Example of the time domain application of the Hadamard transform technique using a S-matrix of order 3. 
). 
The described time domain algorithm can be easily extended to the general case of code length L, while the above procedure depicts the specific case of code length 3. Then the coding gain for the general code length L becomes which is the same as that derived in the Hadamard transform spectrometries [6] .
III. NOISE ANALYSIS FOR BAND-LIMITED RECEIVERS
In eq. (7), we assumed that the noise samples in the same noise ensemble are uncorrelated, i.e.,
, as well as that the noise in the receiver is i.i.d., w.w.s. (independent, identically distributed, wide-sense stationary) random process. The assumption that auto-correlation values are zero, however, is valid only when the receiver has an infinite bandwidth. Therefore, with a real band-limited receiver, we should consider the non-zero auto-correlation value, i.e.,
to calculate the exact noise power in the final trace (eq. (6)). This is because the Hadamard transform in the simplex code OTDR is performed in the time domain, not in the space domain as in the spectrometries. Now we derive decoding equations for the general L-bit codes and the new coding gain formula which depends on the receiver bandwidth and the probe pulsewidth, as well as the code length. When we represent a S-matrix of order L as S L and its inverse matrix as S L -1 respectively, trace estimates are obtained as eq. (10) by performing the inverse Hadamard transform to the measured traces .
By inversely time-shifting each row in eq. (10) by multiples of τ , and introducing matrix T L which is the normalized matrix of S L , eq. (10) can be developed as:
Using the following relation extended from eq. (1), L equations can be developed from eq. (11) as follows:
Then, by adding all terms in each side and dividing them by L, we can achieve the following equation for the final trace, together with the exact noise terms: Therefore, the mean square error (MSE) in the finally restored trace can be written as where we assumed that the noise in the receiver is zero mean, i.i.d., w.w.s. random process, and utilized the fact that total sum of each row in T L is always -1, as follows:
Since the final trace in eq. (14) is obtained from L measurement, the coding gain over conventional OTDR is calculated as eq. (17), by comparison with N=L conventional averaging. 
From eq. (17) we can see that the SNR of the finally restored trace varies with the auto-correlation function of the noise in the band-limited receiver and the probe pulsewidth. For the simple example, if we assume the frequency response of the band-limited receiver to be an ideal low-pass filter with bandwidth B Hz as shown in fig.  ( 2), the coding gain becomes Therefore, the SNR enhancement is the greatest when has the maximum value, and vice versa. From fig. ( 2) and eq. (19), we can summarize this by the relationship between the receiver bandwidth B and the probe pulsewidth τ . The additional SNR variation due to the band-limited characteristics degrades the coding gain the most when improves it slightly when improves it the most when Although this analysis corresponds to the ideal receiver with bandwidth B, more accurate result can be obtained by using the exact frequency response of the real receiver, and it is expected that the conditions will be derived similar to those derived in the ideal receiver case.
III. EXPERIMENTAL VERIFICATION
To verify our algorithm and realizing equations, we developed an OTDR board which is capable of modulating the probe pulses according to the given code sequences (simplex codes), sampling the measured trace, and transmitting the sampled data to a PC. The measured traces are transmitted to the PC using RS-232C, and the final trace is restored and displayed at the PC. Fig. 3 shows a block diagram of the experimental arrangement. Texas Instrument's TMS320VC33 was selected for a digital signal processor (DSP) which takes charge of pulse coding, trace acquisition and averaging, command and data communications, and so on. A Fabry-Perot laser diode (FP-LD) and an avalanche photodiode (APD) were used for the optical source and detector, respectively. For a specific experiment, two fiber spools of 20km SMF and a laptop PC were connected to the board. The spools were connected using FC/PC connectors, while the end of the link was tailed with a FC/APC connector. From this setup, Fig. 4(a) shows an averaged trace from 255 probe shots using the conventional single pulse method. The pulsewidth of the probe pulse is 500ns, yielding a spatial resolution of about 50m. Fig. 4(b) represents a trace restored from 255 measured traces using the simplex coding technique. It can be observed that the SNR of the trace in Fig. 4(b) is much better than that in Fig. 4(a) , while the measurement conditions, such as the laser peak power, the measurement time, and the resolution, are the same in the two cases. The overhead time spent in the trace restoration can be ignored compared to the measurement time, when the fast Hadamard transform (FHT) is used. In Fig. 4(b) , the one-way dynamic range was enhanced by about 4.5dB compared to Fig. 4(a) , in correspondence with the coding gain of 9dB which can be predicted by substituting 255 for L in eq. (9).
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CONCLUSION
We demonstrated SNR improvement of OTDR using simplex codes by experiment, for the first time. For this, we proposed a practical algorithm and detailed equations to realize the simplex code OTDR. Also we experimentally demonstrated the SNR improvement of OTDR, using the OTDR board to which the proposed realizing algorithm and equations are applied. The experimental results showed excellent agreement with theory.
